Gap junctions formed of connexin 36 (Cx36, also known as Gjd2) show tremendous functional plasticity on several time scales. Changes in connexin phosphorylation modify coupling in minutes through an order of magnitude, but recent studies also imply involvement of connexin turnover in regulating cell-cell communication. We utilized Cx36 with an internal HaloTag to study Cx36 turnover and trafficking in cultured cells. Irreversible, covalent pulse-chase labeling with fluorescent HaloTag ligands allowed clear discrimination of newly formed and pre-existing Cx36. Cx36 in junctional plaques turned over with a half-life of 3.1 h, and the turnover rate was unchanged by manipulations of protein kinase A (PKA) activity. In contrast, changes in PKA activity altered coupling within 20 min. New Cx36 in cargo vesicles was added directly to existing gap junctions and newly made Cx36 was not confined to points of addition, but diffused throughout existing gap junctions. Existing connexins also diffused into photobleached areas with a half-time of less than 2 s. In conclusion, studies of Cx36-HaloTag revealed novel features of connexin trafficking and demonstrated that phosphorylation-based changes in coupling occur on a different time scale than turnover.
INTRODUCTION
Throughout the central nervous system, neurons are coupled to each other by electrical synapses, which consist of gap junctions that provide a direct intercellular pathway for current flow. They also allow transfer of ions and small molecules, including metabolites and second messengers (Saez et al., 2003) . Electrical synapses are crucial in establishing network oscillations and play important roles in motor learning, memory consolidation, retinal signal processing and visual adaptation (Deans et al., 2001; Guldenagel et al., 2001; Hormuzdi et al., 2001; Van Der Giessen et al., 2008; Kothmann et al., 2009; Allen et al., 2011) .
Connexins are the proteins comprising gap junctions in vertebrates, and they are diverse and ubiquitous. Connexin 36 (Gjd2, hereafter referred to as Cx36), the non-mammalian homolog of which is Cx35, is the predominant connexin that forms electrical synapses in neurons. It is widespread in the central nervous system, being found extensively in retina (O'Brien et al., 1998; Mills et al., 2001; Deans et al., 2002; O'Brien et al., 2004) , olfactory bulb (Christie et al., 2005) , neocortex (Deans et al., 2001; Blatow et al., 2003) , hippocampus Hormuzdi et al., 2001) , inferior olive (Long et al., 2002; De Zeeuw et al., 2003) and cerebellum . Cx36 is also the primary connexin used in neuroendocrine cells of the pancreas (SerreBeinier et al., 2000) , pituitary and pineal organs , and is found in adrenal chromaffin cells (Martin et al., 2001) .
Turnover and trafficking of ion channels and receptor proteins in chemical synapses have been well studied and have proven to be important regulators of synaptic strength and plasticity. Like chemical synapses, electrical synapses are dynamic and highly plastic. Cx36 gap junctions between rods and cones are strongly modulated by light adaptation and a circadian rhythm (Wang and Mangel, 1996; Ribelayga et al., 2002; Ribelayga et al., 2008) . AII amacrine cells, also coupled by Cx36, also show significant plasticity with light adaptation state (Bloomfield and Völgyi, 2004) . These changes in coupling are due to changes in the phosphorylation of Cx36 regulated by protein kinases and phosphatases (Kothmann et al., 2009; Li et al., 2009; Kothmann et al., 2012; Li et al., 2013) . However, turnover of Cx36 could also contribute to plasticity by removal of functional phosphorylated connexins and changes in the total amount of connexins in electrical synapses. Turnover rates of connexins are exceptionally high. Non-neuronal connexin half-lives reported in the literature range from 1 to 10 h, with one exception in lens cells (Hervé et al., 2007) . Changes in abundance of Cx36 have been proposed to contribute to plasticity of coupling in mouse photoreceptors (Katti et al., 2013) . Furthermore, injection of a peptide that mimics the C-terminal tip of Cx35 into goldfish Mauthner cells, interfering with PDZ domain interactions, resulted in loss of Cx35 and reduced electrical coupling (Flores et al., 2012) . This observation suggested that in the absence of the stabilizing influence of scaffolds, turnover of connexins quickly reduces coupling.
To date, very few studies have investigated the link between Cx36 turnover and functional plasticity. In this study, we developed procedures using HaloTag technology to study Cx36 turnover. We used a Cx36-HaloTag fusion construct to label Cx36 efficiently and irreversibly at narrowly defined time windows, allowing dual-color fluorescent pulse-chase labeling in transfected HeLa cells. Measurement of turnover rates revealed clear temporal and biochemical segregation of phosphorylation-based and turnoverbased plasticity. The highly specific live fluorescent pulse-chase labeling also allowed us to examine aspects of the trafficking and turnover of connexins that have been difficult to study previously.
RESULTS

Cx36-HaloTag fusion protein forms functional, normally regulated gap junctions
In order to study Cx36 turnover we used a genetically encoded covalent labeling system, HaloTag, to permanently label pools of Cx36 at specific time points. The HaloTag is a mutated prokaryotic hydrolase that hydrolyzes chloroalkane ligands to form a covalent reaction intermediate that permanently labels the protein (Los and Wood, 2007) . We used membrane-permeant fluorescent ligands for this study. The C-terminus of Cx36 is the site of a number of known protein-protein interactions and regulatory phosphorylation events (Li et al., 2004; Ouyang et al., 2005; Kothmann et al., 2007; Alev et al., 2008; del Corsso et al., 2012; Li et al., 2012) . We chose to insert the HaloTag open reading frame between the two regulatory phosphorylation sites (S293 and S315) (Fig. 1 ) in order to avoid interfering with regulatory phosphorylation events and C-terminal protein-protein interactions. To determine if the Cx36-Halo construct forms gap junctions properly, we transfected HeLa cells with Cx36-Halo and labeled the cells with HaloTag tetramethylrhodamine (TMR) ligand. Live cell imaging revealed TMR-labeled gap junctions at cell-cell contacts, as well as TMRlabeled vesicles within cells (Fig. S1 ). Co-labeling fixed cells with an anti-Cx36 antibody showed that the HaloTag TMR labeling was co-extensive with structures labeled with Cx36 antibody ( Fig. 2A) , confirming that HaloTag TMR ligand efficiently labeled Cx36 gap junctions in transfected HeLa cells.
In previous studies, we established that Cx36 coupling is regulated by protein kinase A (PKA) activity and that the regulation of coupling observed in HeLa cells parallels that in retinal AII amacrine cells (O'Brien et al., 2004; Ouyang et al., 2005; Kothmann et al., 2009; Li et al., 2009) . To determine whether inserting the HaloTag protein into Cx36 caused functional changes in Cx36 regulation, we performed scrape-loading experiments using HeLa cells transiently transfected with Cx36-Halo or wild-type Cx36. We observed similar regulation in both constructs ( Fig. 2B ): 10 min treatment with PKA inhibitor Rp-8-cpt-cAMPS (Rp) increased coupling significantly (mixed effects model: wt-Cx36, P<0.0001; Cx36-Halo, P<0.0001; n=3 per condition for each form), 10 min treatment with PKA activator Sp-8-cpt-cAMPS (Sp) slightly reduced coupling (wt-Cx36, P<0.05; Cx36-Halo, P<0.05; n=3 per condition for each form). Background tracer coupling in HeLa cells transfected with HaloTag vector alone (Halo-EV) was slightly elevated by Rp treatment (P<0.05, n=3 per condition), but this effect was significantly smaller than the effect on wild-type Cx36 or Cx36-Halo (P<0.0001 for both wt-Cx36 and Cx36-Halo; n=3 for each form).
Cx36 has a half-life of 3.1 h in HeLa cells, and the turnover rate is not affected by PKA activity
To study the turnover rate of Cx36 in HeLa cells, we performed pulse-chase studies using two different fluorescent ligands of the HaloTag protein. Cx36-Halo-transfected HeLa cells were labeled with HaloTag Oregon Green (OG) ligand at time zero and followed by HaloTag TMR labeling at hours 0.3, 1, 2, 3, 5 or 6. At 0.3 h, the majority of labeling in junctional plaques consisted of OG (Fig. 3) . As time progressed, the amount of TMR labeling increased in the gap junctions and the amount of OG labeling decreased. At the last time point, the majority of labeling in the gap junctions consisted of TMR.
The TMR (chase) label was present in small vesicles throughout all time points, and was increasingly infused into the gap junctions (Fig. 3 ). This suggests a progressive removal of the old gap junction protein, which was labeled with OG, and replacement by new gap junction protein, which became labeled with TMR. The TMR label at early time points was patchy and at later time points was mixed throughout the whole gap junction (Fig. 3) . The chase-labeled connexin did not appear to be added just on the outer edges of existing plaques, as previously reported (Gaietta et al., 2002; Lauf et al., 2002 ). This will be discussed further below. Figure 4A shows a plot of the fraction of old gap junction protein in relation to the total amount of labeled gap junction protein present fitted with an exponential decay curve. The calculated half-life for replacement of old protein was 3.1 h, which is consistent with previous studies with other connexins (Hervé et al., 2007; Flores et al., 2012) . To determine whether the turnover rate of Cx36 was affected by PKA activity we performed pulse-chase analyses in the presence of the PKA inhibitor Rp or the PKA activator Sp, which had significantly altered tracer coupling in 20 min. There were no significant differences in the half-life of Cx36 with either treatment ( Fig. 4B ; one-way ANOVA with Dunnett's post-hoc test: Sp, P=0.305; Rp, P=0.894; overall P=0.330; n=3 experiments per condition).
Cx36 gap junction assembly requires the Golgi apparatus
With the exception of Cx26 (Zhang et al., 1996) , it is generally considered that connexins are modified in the endoplasmic reticulum (ER) (Ahmad et al., 1999; Zhang et al., 1996) , transported to the Golgi complex, assembled in the trans-Golgi network (Musil and Goodenough, 1993; Koval et al., 1997) , and finally inserted into the plasma membrane (Laird, 1996; Thomas et al., 2005) . To determine if the trafficking of Cx36 to the plasma membrane involves the same pathway, we repeated the pulse chase analysis with treatment of Brefeldin A (BFA), which disassembles the Golgi apparatus. The original gap junctions were again labeled with OG, and chased with TMR. We saw that at time 0.3 h, all the gap junctions were labeled with OG, with a minimal amount of TMR labeling (Fig. 5) . As time progressed, the amount of TMR labeling did not increase in the gap junctions. Most of the TMR label was present in small vesicles and some large vesicles; almost none integrated into the gap junctions, and OG remained the predominant label through the fifth hour (Fig. 5) . The fraction of OG present in the gap junctions showed no significant change from hour 0 to hour 5 (one-way ANOVA: hour 0.3, 86.7±7.4%; hour 5, 91.2±6.5%; n=5 gap junctions per time point; P=0.33), the change of fraction of OG was significant when BFA was not added (one-way ANOVA: hour 0.3, 91.6±5.7%; hour 5, 31.4±6.2%; n=10-20 gap junctions per time point; P<0.0001). We conclude that the Golgi apparatus was essential for Cx36 gap junction assembly.
Cx36 is trafficked to the plasma membrane in vesicles, and removed as annular gap junctions It has been reported that new connexons are trafficked in vesicles as undocked hemichannels and removed as double membrane vesicles called annular junctions (Laird, 1996; Falk et al., 2009 ). In our confocal microscope images, we observed two different types of vesicles close to the gap junctions. These vesicles were present throughout all the time points.
The first type of vesicle was large and usually hollow in the middle. These vesicles could contain either pulse (OG) or chase (TMR) ligand, or both (Fig. 6A, arrows) . When close to pre-existing gap junctions, these vesicles were mostly labeled with pulse ligand. We found some OG-labeled Cx36 budding off the pre-existing gap junctions near the ends (Fig. 6Aii , open arrowhead) as well as in the middle of plaques (Fig. 6Ai, asterisk) . In the BFA-treated cells (Fig. 5) , in which gap junctions were less abundant and contained very little chase label, we found that newly made Cx36 was added to the large internal vesicles throughout the chase period.
The second type of vesicle was smaller, solid and often very numerous. These vesicles were mostly labeled with the chase ligand (TMR), indicating that they were recently synthesized. These small, new vesicles were often observed on the periphery of the pre-existing gap junction plaques, either on the end (Fig. 6Bi ) or in the middle (Fig. 6Bii) . The small vesicles were often found adjacent to patches of chase-labeled gap junction, suggesting that they were supplying newly synthesized gap junction protein to existing plaques ( Fig. 6Bi and ii). This addition of vesicles to existing gap junctions was not obviously symmetric, meaning that a vesicle could be added to a gap junction from either participating cell without concomitant addition of a vesicle from the other cell. This suggests that connexin hemichannels may be present in a gap junction prior to docking with hemichannels from the opposing cell.
Cx36-Halo diffuses laterally through gap junctions
The observation that recently synthesized Cx36 proteins spread throughout existing gap junction plaques differs from observations with Cx43 (Gaietta et al., 2002; Lauf et al., 2002; Falk et al., 2009) on which the common framework of understanding of connexin trafficking and turnover are based. Is this a result of the position of the tag within the connexin protein, of the type of connexin studied, or of the tag itself and observation methods? To address these questions we developed additional HaloTag constructs of Cx36 with the tag at the tip of the C-terminus, and of Cx43 with the tag positioned at the tip of the C-terminus or at either of two internal positions within the C-terminal domain (following amino acids 249 or 342). Cx43-HaloTag constructs did not form gap junctions when transfected into HeLa cells. However, all three Cx43 constructs tested formed gap junctions efficiently in HEK293 cells. We performed two types of experiments to determine whether these tagged connexins diffuse through gap junction plaques. First, we performed pulse-chase analysis of turnover with each of the constructs. Figure 7A and B show labeling of Cx36-Halo-C-IN (internal of C-terminus) and Cx36-Halo-C-END, respectively, at 2 h chase time in HEK293 cells. For both constructs, the TMR chase label was present throughout the gap junctions. Figure 7C and D show labeling for one of the Cx43 internal constructs (Cx43-Halo-C-249) and Cx43-Halo-C-END, respectively, at 2 h chase time. For both Cx43 constructs, the TMR chase label was present within the existing gap junction plaques. The Cx43 chase label was patchy in intensity, suggesting less mixing of the recently made connexin proteins with connexins present in the plaque.
As a second test of the ability of connexin proteins to diffuse laterally through gap junction plaques, we performed live photobleaching studies of Cx36-Halo-C-IN in HeLa cells. Figure 8A shows a series of frames from a time sequence including one bleach of an OG-labeled Cx36 gap junction (boxed region) and an OG-labeled internal vesicle (circular region; see also Movie 1). Bleaching and imaging were done using a confocal microscope with a 20× objective and confocal zoom of 6. Under these conditions, the bleaching sweeps bleached more widely than the targeted band of interest, and the bleached area quickly recovered label in the OG channel. Figure 8B shows the intensity profiles of both bleached regions of interest through the entire experiment comprising four sequential bleaches (full sequence in Movie 2). Following each bleach, the OG label recovered to a new steady-state level with a first-order time course with a recovery halftime of 1.51±0.22 s (n=4 gap junctions, two to six bleaches per gap junction). The post-bleach steady state was below the original baseline, reflecting both bleaching of the total pool of OG-labeled Cx36 and a portion of the OG-labeled Cx36 pool that was effectively immobile within the time course of the experiment. The mobile fraction of Cx36 ranged from 56 to 41% and decreased with each bleach (Fig. S2 ). This decrease in mobile fraction with each subsequent bleach could be a result of light-induced damage to the gap junction or to preferential depletion of the mobile pool following the first bleach.
Rapid recovery of photobleached connexin in gap junction plaques has not been previously reported and we questioned whether this might be an artifact resulting from reversible bleaching of the OG fluorochrome by the bleaching sweeps. To test this, we photobleached aqueous droplets of the OG HaloTag ligand suspended in mineral oil using the same bleaching paradigm. Figure 8C and D shows that each bleach destroyed a fraction of the fluorochrome with no recovery. This lack of recovery was replicated at several different laser power settings and confocal zoom settings. Thus, rapid recovery of OG-labeled Cx36 in the bleached area was not an artifact.
Finally, we also tested the ability of Cx43-Halo-C-249 to diffuse through existing gap junction plaques. Photobleaching of OGlabeled Cx43 resulted in partial recovery of fluorescence in the bleached area with an average time constant of 1.9 s and mobile fractions ranging from 78 to 46% (n=2 gap junctions, five to six bleaches per gap junction; Fig. S3 ). Thus, some Cx43-Halo was mobile within the gap junction.
DISCUSSION Validation of Connexin-HaloTag fusion constructs
To study the turnover rate of gap junction protein, it is important to develop a means to label and track gap junction protein efficiently and specifically. In this study, we used the HaloTag technology to label Cx36 and Cx43. The HaloTag offers many advantages, including covalent labeling with non-toxic fluorescent ligands and monomeric structure (Encell et al., 2013) . However, at 34 kDa, the HaloTag is about 25% larger than enhanced green fluorescent protein (EGFP) and almost as large as Cx36 itself. For reference, this tag is a little bit less than two-thirds the size of tdTomato. In spite of the large tag size, the protein produced by the Cx36-Halo construct successfully trafficked through the Golgi apparatus to the plasma membrane and formed gap junctions, even when bound to HaloTag ligands. Furthermore, the Cx36-Halo gap junctions were functional and were regulated by PKA activity in the same manner as wild-type Cx36 gap junctions as assessed by Neurobiotin tracer coupling.
The position of the HaloTag within the connexin did result in minor differences in gap junction formation that we did not assess quantitatively. Cx36 with an internal tag produced more gap junctions and fewer large internal vesicles than Cx36 with a C-terminal tag. Likewise, Cx43 with an internal tag after amino acid 249 produced more gap junctions and fewer large internal vesicles than Cx43 with an internal tag after amino acid 342 or with a C-terminal tag. Thus, there may be aspects of the HaloTag that result in context-specific anomalies. Nonetheless, the labeling system was very effective for studying Cx36.
Novel features of Connexin-HaloTag trafficking
Previous studies have reported that connexons are trafficked to the plasma membrane as undocked hemichannels packaged in vesicles, accreting at the edge of gap junctions (Gaietta et al., 2002; Lauf et al., 2002) , and removed as paired channels that form double membrane vesicles known as annular junctions (Laird, 1996; Gaietta et al., 2002; Lauf et al., 2002) . These annular gap junctions are subsequently transported to lysosomes, where they are degraded (Laird, 1996; Piehl et al., 2007) . Our microscopic evidence is consistent with these observations by showing two different classes of vesicles: small newly formed vesicles presumably for exocytosis, and large ring-shaped vesicles presumably resulting from endocytosis. In the BFA-treated cells, newly synthesized Cx36 did not integrate into gap junctions, but still formed large hollow vesicles that morphologically resembled annular junctions. These are unlikely to be the conventional annular junctions since the newly synthesized Cx36 never reached the plasma membrane and docked with hemichannels from the adjacent cells. Kumar and Gilula showed that when connnexins are overexpressed, double-membraned gap junction-like sheets form within the intracellular compartment (Kumar and Gilula, 1992) . Many of the TMR-labeled Cx36 annular junctions in our system are probably artifacts of overexpression of Cx36 in HeLa cells. These annular junctions are transported to lysosomes subsequently where the gap junction proteins are degraded (Laird, 1996; Thomas et al., 2002) .
A consistent observation in our imaging studies is that the small vesicles carrying newly made Cx36 were often found attached to existing gap junction plaques, and patches of chase label could be seen in the gap junction adjacent to the vesicles. This strongly implies that these vesicles dock at existing gap junctions and their cargo diffuses into the gap junction plaque. These findings agree with those of Shaw et al., who found that Cx43 cargo vesicles were targeted directly to adherens junctions adjacent to gap junction plaques through microtubule plus-end tracking proteins (Shaw et al., 2007) .
Several previous studies have found that Cx43 present as undocked hemichannels in the plasma membrane accreted to the outside edges of existing gap junctions and mixed very little with existing gap junction channels (Gaietta et al., 2002; Lauf et al., 2002; Falk et al., 2009 ). Our observations did not show such apparent accretion at the edges of gap junctions, but instead chaselabeled Cx36 was found diffusely throughout the gap junction plaques. Furthermore, our photobleaching studies showed that about half of the labeled Cx36 was extraordinarily mobile within the gap junction plaque, suggesting that we would not be able to detect accretion of new connexins on plaque edges. It is not clear why these results differ so dramatically from those using other connexins with other tags. Our results with Cx43-HaloTag constructs showed some mixing throughout gap junctions, although to a lesser extent than Cx36. Cx43 also recovered partially from photobleaching, again with about half of the labeled protein being mobile. Thus, whereas the properties of individual connexin types do differ, the presence of the HaloTag may impart greater mobility to connexins than a fluorescent protein or tetracysteine tag. We should note that the fluorescently labeled HaloTag connexins are much brighter than fluorescent-proteinlabeled connexins, so our observations of the chase label may have higher sensitivity. Additional studies will be required to determine if the HaloTag specifically imparts higher mobility to connexins or other proteins.
Gap junction protein turnover
Pulse-chase analysis is the most commonly used method to study the turnover rate of a protein in cell cultures. With the Cx36-Halo construct, we were able to label Cx36 at two different time points efficiently and specifically. Our results demonstrate that Cx36 protein in gap junction plaques is replaced with a half-life of 3.1 h, which is consistent with prior studies of turnover rates of other connexins. Furthermore, this turnover rate was not affected by manipulating the activity of PKA, whereas tracer coupling of Cx36 gap junctions is regulated by the same perturbations of PKA activity within minutes (O'Brien et al., 2004; Ouyang et al., 2005) . Thus regulation of functional plasticity and turnover are at least partially separate. It is important to note that this is the turnover rate for Cx36 in gap junction plaques; the measurement is not confounded by the presence of Cx36 protein in other cellular compartments. In this sense, the pulse-chase imaging approach has been able to provide information that has not been available with traditional pulse-chase methodologies.
Although our reported half-life of Cx36 in HeLa cells is consistent with the studies of other connexins in cell cultures and whole organs (Hervé et al., 2007) , there are still considerable factors that may influence the measurement of half-lives. Turnover rates of plasma membrane proteins have been reported to be very different in different cell types. For example, Cx32 showed a half-life of 4-6 h in rat hepatocytes (Hidaka et al., 1989) , but only 2.5-3 h in mouse embryo hepatocytes (Traub et al., 1987) . In contrast, pulse-chase analyses showed that Cx43 had a similar half-life in metabolically labeled rat heart (Beardslee et al., 1998) and cultured myocytes (Laird et al., 1991; Darrow et al., 1995; Laing et al., 1998) . HeLa cells are a transformed epithelial cell line in which Cx36 may turn over at a different rate than in neurons.
The reasons for the relatively fast turnover rates of connexins have remained elusive. It is possible that connexin proteins, like many other integral membrane proteins, have to respond constantly to physiological changes. For example, degradation of Cx43 in bovine retinal endothelial cells is enhanced by hyperglycemia, reducing the half-life of Cx43 from 2.3 to 1.9 h (Fernandes et al., 2004) . Gap junction intercellular communication was concomitantly reduced, suggesting that natural stress can modify coupling by altering the turnover rate of connexins.
Gap junctions consisting of Cx36 also undergo substantial plasticity that can be related to connexin turnover. In brain injuries, including ischemic events, epilepsy and compression injury, transient increases in neuronal coupling and Cx36 expression are observed (Oguro et al., 2001; Ohsumi et al., 2006; Wang et al., 2012) . This coupling has negative consequences for neuron survival as the extent of cell death is greatly reduced in Cx36 knockout animals or when gap junction inhibitors are applied (Talhouk et al., 2008; Paschon et al., 2012; Belousov and Fontes, 2013) . The increase in Cx36 expression is driven by type II metabotropic glutamate receptors and involves post-transcriptional mechanisms (Wang et al., 2012) . In insulin-secreting β-cells of pancreatic islets, glucose suppresses Cx36 expression through a cAMP-cAMP response element signaling pathway (Allagnat et al., 2005) . Changes in coupling of these cells have a strong influence on insulin secretion (Ravier et al., 2005) . In each of these examples, control of turnover could play a significant role in plasticity.
Contribution of Cx36 turnover to electrical synaptic plasticity
Electrical synapses display a great deal of functional plasticity, being subject to alterations in coupling strength due to biophysical properties of the coupled cells, activity-dependent modification of the synapses, and modification driven by neurotransmitters (Pereda et al., 2013; O'Brien, 2014) . The mechanisms responsible for these forms of plasticity are of great interest. In previous studies, profound dopamine-driven short-term plasticity of coupling in Cx36 gap junctions on AII amacrine cell dendrites in the rabbit retina was found to be directly correlated with phosphorylation of regulatory sites on Cx36, with no changes in number or size of the gap junctions (Kothmann et al., 2009) . Similarly, Li et al. also showed a direct relation of dramatic changes in photoreceptor coupling during light or dark adaptation in the mouse retina to Cx36 phosphorylation (Li et al., 2013) , whereas the number of Cx36 plaques per unit area in the photoreceptor synaptic layer was not affected. However, Katti et al., found that Cx36 protein level was regulated by diurnal and circadian rhythms in mouse retina (Katti et al., 2013) . The level of Cx36 transcript peaked in the late night and immunolabeling showed higher Cx36 expression level in the night than in the day in the photoreceptor synaptic layer. This suggests that Cx36 gap junctions in the photoreceptor layer may contain more protein at night than during the day, reflecting the fluctuation in Cx36 protein synthesis rate and potentially contributing to the elevated coupling at night.
In all electrical synapses, the continuous insertion and removal of connexons through turnover has the potential to alter electrical synaptic strength. In studies of goldfish Mauthner cell mixed synapses, Flores et al. found that introduction of synthetic peptides that disrupt endocytosis or formation of SNARE complexes enhanced or reduced electrical coupling, respectively (Flores et al., 2012) . Glutamatergic transmission was also altered in parallel. Peptides that mimicked the C-terminus of Cx36, interfering with Cx36 interactions with scaffolding proteins, also reduced electrical coupling. These experiments indicate that steady-state maintenance of gap junctions through turnover is important for maintenance of electrical coupling. They further demonstrate that the C-terminus of Cx36 is important in stabilizing the gap junctions.
Our studies in HeLa cells indicate that turnover of Cx36 and functional plasticity driven by changes in connexin phosphorylation occur on different time scales. This is likely also to be the case in neurons, in which short-term changes in coupling of neurons driven by transmitters such as dopamine, which take minutes to achieve, do not appear to be accompanied by a change in Cx36 abundance. However, it is certainly reasonable to expect regulation of insertion and removal/degradation rates to contribute to changes in coupling strength in longer time frames such as through a circadian cycle. Changes in Cx36 expression and neuronal coupling occur on an hours to weeks time scale during the course of central nervous system development and following a variety of types of injury. These changes are regulated by neurotransmitters and involve both transcriptional and post-transcriptional mechanisms (Belousov and Fontes, 2013) . Factors that control turnover must be important in establishing the steady-state level of Cx36 expression, and it is apparent that these can be modified under certain circumstances.
MATERIALS AND METHODS
Connexin-HaloTag constructs
The HaloTag open reading frame was inserted into an internal site in the C-terminus of perch Cx35 (non-mammalian homolog of Cx36) in pcDNA 3.1 Zeo (O'Brien et al., 2004) . The location of the insertion was chosen so as not to disrupt the regulatory C-terminal phosphorylation sites nor block the C-terminal PDZ interaction motif (see Fig. 1 ). Cx35 pcDNA was split in its C-terminus using whole plasmid polymerase chain reaction (PCR) amplification with primers 5′-TTCAGAGCCCGAGGATGAGTGTG-CC-3′ (forward) and 5′-TCTGCCATCAAGTCCTTATTTCTGATCTC-3′ (reverse). The HaloTag open reading frame was amplified by PCR from the HaloTag-N vector (Promega, Madison, WI) with primers 5′-AGGA-CTTGATGGCAGAAATCGGTACTGGC-3′ (forward) and 5′-ATCCTC-GGGCTCTGAAAGTACAGATCCTCAGTG-3′ (reverse). Phusion highfidelity polymerase (New England BioLabs, Ipswich, MA) was used for both PCR reactions. The purified PCR products were cloned using cold fusion cloning (System Biosciences, Mountain View, CA). This clone is called Cx36-Halo-C-IN, and referred to as Cx36-Halo throughout the manuscript.
A conventional C-terminal fusion of the HaloTag open reading frame to perch Cx35 was made using Cx35 in the EGFP-N1 vector (Clontech, Mountain View, CA). Enhanced green fluorescent protein (EGFP) was deleted with SmaI and NotI. The HaloTag open reading frame was cut out from the HaloTag-C vector (Promega) with XhoI, filled in with Klenow polymerase, and NotI, and cloned into the Cx35-containing vector. This clone is called Cx36-Halo-C-END.
A human Cx43 cDNA clone (NM_000165.3) in pReceiver-M02 was purchased from Genecopoeia (Rockville, MD). Two constructs containing the HaloTag at internal sites within the C-terminus were created using native XcmI and EcoRI restriction sites. These constructs were named with reference to the amino acid position following which the HaloTag was inserted: Cx43-Halo-Cinternal-249 and Cx43-Halo-Cinternal-342, respectively. HaloTag was amplified from HaloTag-N (Promega) with primer pairs 5′-TTCCCCGATGATAACCAGATGGCAGAAATCGGTA-CTGGCT-3′ (forward) and 5′-AGCAGCTAGTTTTTTAGAATTCTCG-CCGGAAATCTCGAGC-3′ (reverse) for EcoRI and 5′-AGCGACCCTT-ACCATGCGATGGCAGAAATCGGTACTGGCT-3′ (forward) and 5′-GG-CTCAGCGCACCACTGGTCTCGCCGGAAATCTCGAGC-3′ (reverse) for XcmI using Q5 polymerase (New England BioLabs), and cloned into the respective restriction sites of Cx43 using Gibson Assembly (New England BioLabs). A C-terminal fusion of Cx43 was produced by amplifying Cx43 with primer pair 5′-GCAAAGCGATCGCTTCCGGAGTTCGAACCATG-GGTGACTG-3′ (forward) and 5′-GATCCTCAGTGGTTGGCTCGAGGA-TCTCCAGGTCATCAGGCCG-3′ (reverse) using Q5 polymerase and cloning into EcoRI and XhoI sites of pHaloTag-N using Gibson Assembly. All clones were fully sequenced through the connexin-HaloTag fusion open reading frames.
Cell culture and reagents
All media, fetal bovine serum and cell culture reagents were obtained from Invitrogen (Grand Island, NY) . HeLa cells (catalog number CCL-2) and HEK293 cells (catalog number CRL-1573) were obtained from American Type Culture Collection (Rockville, MD). Cells were grown in complete minimum essential medium (MEM) supplemented with 10% fetal bovine serum and 1% antibiotic-antimycotic ( penicillin/ streptomycin/amphotericin B). Cells were plated on 12 mm cover glasses, grown to 75% confluence overnight in 35 mm culture dishes, and transiently transfected with 2 µg of plasmid DNA per 35 mm culture dish using GenePORTER ® 2 transfection reagent (Genlantis, San Diego, CA). Plasmids transfected included the connexin-HaloTag constructs described above, untagged Cx36 in pcDNA (Cx36 wild type) or HaloTag-N empty vector (control). Experiments were conducted 24 h after transfection.
General laboratory chemicals were obtained from Sigma (St Louis, MO). PKA activator, Sp-8-cpt-cAMPS and PKA inhibitor, Rp-8-cpt-cAMPS, were obtained from Alexis (San Diego, CA). HaloTag ligands Oregon Green (OG) and tetramethylrhodamine (TMR) were purchased from Promega, and Brefeldin A was purchased from Cell Signaling Technology (Danvers, MA).
Tracer coupling
Transfected HeLa cell cover glasses were maintained in oxygenated Ringer medium at 35°C. The medium was supplemented with 0.05% Neurobiotin and cells were scraped with a 25-gauge needle. Incubation with Neurobiotin was continued for 10 min to allow loading and diffusion. Cells were then washed twice with 0.1 M phosphate buffer to remove excess Neurobiotin and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in 0.1 M phosphate buffer. When used, the PKA activator or inhibitor was added to the oxygenated incubation medium 10 min before the scrape for pre-incubation and replaced with fresh drug upon Neurobiotin addition. Drugs were present throughout the 10 min tracer diffusion period. Following fixation, cells were probed with streptavidin-Cy3 (Jackson ImmunoResearch, West Grove, PA) and photographed on a Zeiss (Thornwood, NY) fluorescence microscope (Axiovert 200 with 40×, 0.5 NA Hoffman Modulation Contrast objective) with a Hamamatsu C4742-95 digital camera using HCImage software (Hamamatsu, Sewickley, PA). Five images were taken of different patches of loaded cells for each experiment and treated as replicates in the data analysis.
The diffusion coefficient of Neurobiotin through the coupled network of HeLa cells was determined from fluorescence intensity data using a compartmental diffusion model (Zimmerman and Rose, 1985) . The analysis uses a linear 25-compartment diffusion model to fit Neurobiotin concentration and diffusion distance measurements (O'Brien et al., 2004) . This model has been applied to neural networks to assess gap junction coupling in the retina (Mills and Massey, 1998; O'Brien et al., 2004; Li et al., 2009) . The movement of tracer between adjacent compartments is described by a series of 25 differential equations that are solved for tracer flux given the total amount of diffusion time and a diffusion coefficient, k. The diffusion coefficient k represents the proportion of tracer that diffuses from the first compartment to the next per second. Optimal fitting of intensity data to the model was determined in MATLAB (MathWorks, Natick, MA) by varying the diffusion coefficient k and another parameter, bo, the bolus loading rate. The parameter bo is defined as the rate of addition of tracer to the initial compartment for the loading period, which was assumed to be 1 min in the scrape-loading experiments, and was set to zero thereafter. Data fits were determined by plotting cell intensities on a log intensity axis and determining the diffusion coefficient k that best fitted the rate of decline of tracer intensity with distance from the cell of origin, and the rate of delivery, bo, that fitted the overall tracer concentration (Mills and Massey, 1998; O'Brien et al., 2004; Ouyang et al., 2005; Li et al., 2009) . Replicate measurements were averaged to yield a single value for each treatment condition in each experiment. Diffusion coefficients were compared under different drug treatment conditions using a mixed effects model.
Labeling, immunostaining and imaging
Transfected HeLa cell cover glasses were incubated in Ringer medium containing 5 µM HaloTag TMR fluorescent ligand for 15 min. Cover glasses were then washed with ligand-free medium to remove unbound ligand and transferred to a microscope to capture live images.
After live cell imaging, cells were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 10 min. Cover glasses were then incubated in immunolabeling buffer (PBS with 0.5% Triton X-100 and 0.1% NaN 3 , pH 7.4) with 10% donkey serum (Jackson ImmunoResearch, West Grove, PA) to block non-specific binding. Cover glasses were incubated overnight at 4°C with monoclonal mouse anti-Cx36 (mCx36, MAB3045, 1:1000 dilution; Millipore, Billerica, MA) primary antibody in immunolabeling buffer with 10% donkey serum, followed by Cy5 conjugated donkey antimouse secondary antibody (1:500 dilution, Jackson ImmunoResearch) in immunolabeling buffer with 5% donkey serum for 3 h. Cover glasses were then washed, mounted and transferred to a confocal microscope to capture images. HaloTag TMR was visualized with the TRITC filter set, and the Cx36 was visualized with the Cy5 filter set. Images of HeLa cells were digitally captured using a Zeiss LSM 510 Meta confocal microscope with a 63×, 1.4 NA Plan-Apochromat oil immersion objective using the PMT detectors and similar settings of pinhole, contrast and brightness parameters. Images were exported unaltered in TIFF format with Zeiss LSM Image Browser.
Pulse-chase analysis
Transfected HeLa cell cover glasses were incubated in Ringer medium containing 5 µM pulse labeling ligand OG for 15 min in a 24-well plate in a 37°C incubator. Cover glasses were then washed to remove unbound ligand and incubated with Ringer medium at 37°C. To analyze whether PKA activity altered Cx36 turnover rate, transfected HeLa cells were treated with Rp-8-cpt-cAMPS (5 µM) or Sp-8-cpt-cAMPS (5 µM) during the pulsechase analysis. Rp or Sp was added to HeLa cells after 15 min of pulse label with OG, and was replaced every hour when necessary until the time for chase label. Cells were then labeled with tetramethylrhodamine (TMR) HaloTag ligand at various times (0.3, 1, 2, 3, 5 and 6 h after pulse labeling) for 15 min. Some experiments with Cx43-Halo and Cx36-Halo constructs used transfected human embryonic kidney (HEK) cell cover glasses with an abbreviated set of chase times. All cover glasses were fixed with 4% paraformaldehyde and transferred to a confocal microscope for image capturing. HaloTag TMR was visualized with the TRITC filter set, and HaloTag OG was visualized with the FITC filter set.
Images were captured with Zeiss LSM 510 or LSM 780 confocal microscopes as a series of confocal slices at 0.3 to 0.5 µm intervals. Acquisition parameters were initially set on control samples so that the brightest regions just reached saturation in a few pixels, while the background just reached zero. Subsequent images were collected with the same settings. Post-imaging processing was limited to making maximum intensity projections of stacks of images. Images were analyzed with the same settings using SimplePCI software (Hamamatsu, Sewickley, PA). Regions of interest (ROI) were selected by setting an intensity threshold and applying a minimum size threshold. ROIs were defined as contiguous pixels with intensity threshold greater than 20% of the total intensity range and which covered a minimum area of 200 pixels. Each image was then manually scanned for individual ROIs that fitted the criteria but were not part of the gap junction plaques. These were manually removed from the analysis. Mean and total fluorescent intensity was measured in each channel for each ROI. Ten to 20 gap junctions were analyzed at each time point in each experiment. At any given time point, the fraction of pulse label remaining was defined as the total pulse label divided by the total labeling ( pulse+chase). The half-life of Cx36 was calculated by fitting an exponential function to the fraction of pulse label remaining over time.
Drug treatment: Brefeldin A
To analyze the transport of Cx36 from ER to the plasma membrane, transfected HeLa cells were treated with 2 µg/ml Brefeldin A in Ringer medium with 0.1% dimethyl sulfoxide (DMSO) during the pulse-chase analysis. BFA was added to the cells after 15 min of pulse label OG incubation and washing, and was left in the wells before the chase label TMR was added. Cells were incubated in TMR for 15 min. In the control experiment, cover glasses were treated with DMSO (0.1%) and the treatment was identical to that of BFA.
FRAP experiments
Fluorescence recovery after photobleaching (FRAP) experiments were performed using Zeiss LSM 780 and 880 confocal microscopes using 20× objectives and gallium arsenide phosphide (GaAsP) detectors employing the FRAP routines in Zeiss Zen software. Immediately after HaloTag OG labeling and 15 min of wash period, coverslips were mounted in Ringer medium and gap junctions imaged at a single focal plane at 0.5 to 2 s intervals using a low laser intensity to ensure gap junction stability. An ROI was selected away from edges of a gap junction plaque and a series of laser sweeps at 100% laser power from 0.4 to 9 s was used to bleach the selected area. Immediately after bleaching, the sample was imaged at regular time intervals using the same low intensity as before the bleaching until the intensity of the bleached area had reached a plateau. Bleachings were repeated three more times after the intensity plateaued to study the effect of repeated exposure. An internal vesicle was selected as an ROI as a negative control and was bleached and imaged in the same manner as the ROI in the gap junction plaque.
The droplet control was performed by suspending 5 µl of 1× working solution of the HaloTag OG ligand (Ringer medium containing 5 µM OG) in 1 ml mineral oil by vortexing. Drops of the emulsion on a coverslip were bleached and individual HaloTag OG ligand droplets were imaged in the same manner as connexin gap junctions.
